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The syntheses of polyesters and copolyesters containing the
bicycloC2.2.2]octane ring and spacers such as sebacoyl chloride,
ethyleneglycol, 1,4-butanediol, and 1,8-octanediol are discussed.
The following homopolyesters were synthesized: poly(oxy-trans-1.4-cyclohexyleneoxycarbonyl-1,4-bicyclo[2.2.2]octylenecarbonyl) I;
pol yi(oxy-2-bromo-l,4-phenylene)oxycarbonyl-1,4-bicyclo[2.2.2]octy-
lenecarbonyl] III; and polyCoxy{2-phenyl-l,4-phenylene)oxycarbonyl-1.4-bicycloC2.2.2]octylenecarbonyl] V.
The following copolyesters were synthesized: poly(oxy-trans-l,4-
cycl ohexyl eneoxycarbonyl-l,4-bicycloC2,2,2]octylenecarbonyl-co-oxy-
trans-1,4-cyclohexyleneoxysebacoyl) II; polyCoxy(2-bromo-l,4-phenyl ene)
oxycarbonyl-l,4-bicyclo[2.2.2]octylenecarbonyl-co-oxy{2-bromo-l,4-
phenyl ene)oxysebacoyl] IV; polyCoxy(2-phenyl-1,4-phenylene)oxycarbonyl-
1.4-bicyclo[2.2.2]octylenecarbonyl-co-oxy(2-phenyl-1,4-phenylene)oxy-
sebacoyl] VI; poly[oxy(2-phenyl-1,4-phenylene)oxycarbonyl-1,4-bicycl o-
[2.2.2]octylenecarbonyl-co-oxyethyleneoxycarbonyl -1,4-bicyclo[2.2.2]-
octylenecarbonyl] VII; poly[oxy(2-phenyl-1,4-phenylene)oxycarbonyl-1.4-bicyclo[2.2,2]octylenecarbonyl -co-oxybutyl eneoxycarbonyl -1,4-
bicycl o[2.2.2]octyl enecarbonyl] VIII; and poly[oxy(2-phenyl-l,4-
phenyl ene)oxycarbonyl-1,4-bicyclo[2.2.2]octyl enecarbonyl -co-oxyocty-
1eneoxycarbonyl-1,4-bicyclo[2.2.2]octylenecarbonyl] IX.
The polyesters were characterized by IR, proton and carbon-13
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INTRODUCTION
In the past few years, considerable Interest has been generated
in the study of thermotropic liquid crystalline polymers. Besides
their potential as high strength fibers and plastics, they have a
unique position in the theoretical scheme of structural order in
fluid phases.Thermotropic liquid crystal polyesters reported so
far mainly include polyesters with rigid main chains, particularly
those in aromatic polyesters. In most of these polyesters rigidity
in the main chain has led to a considerable increase in the melting
transitions, making it difficult to process these polyesters. High
melting temperatures are expected for these rigid chain thermotropic
liquid crystal polyesters due to the relatively small entropy change
at the crystal — liquid crystal phase transition.3 it is imperative
that the melting transitions of these rigid chain polyesters must be
substantially depressed to permit smooth processing of these polyes-
esters from their liquid crystalline states.
Recently, intense synthetic efforts have been devoted to the
development of more easily processed and more soluble thermotropic
polyesters which would nevertheless retain the remarkable mechanical
properties of the rigid rod-like polyesters.^ This could be achieved
by lowering the melting point of rigid backbone polyesters through
the following approaches often used in combination: random copoly¬
merization, introduction of kinks or bends into the chain, asymmetric
1
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substitution, and inclusion of randomly spaced flexible aliphatic
chain fragments. The above approaches were used in patents by McIntyre
et al,^ Payet,® and Harris^ where aromatic polyesters of substituted
hydroquinones and terepthaloyl chloride were prepared.
Kleinschuster et alused monosubstituted hydroquinones in the
preparation of random copolyesters. This resulted in a considerable
decrease in the melting temperatures of these polyesters. Lenz and
Jin^ reported that the presence of lateral substituents in the meso-
genic units plays a very important role in controlling the thermal
behavior of the mesophase of the main chain polymers. They systemati¬
cally varied the lateral substituent on the middle p-phenylene ring
of the mesogenic unit of the polymer
and based on the results, they concluded that:
(1) Monosubstitution decreases the clearing temperature and the
thermal stability of the mesophase.
(2) The degree of reduction in clearing temperature by a substi¬
tuent approximately paralleled its size.
(3) Two substituents lowered the clearing temperature twice as
much as one, indicating the existence of additivity in the
substituent effect.
(4) Polymers based on a monosubstituted hydroquinone unit ex¬
hibited a higher value of entropy of clearing than those
with an unsubstituted or a symmetrically disubstituted unit.
The liquid crystalline behavior of low molecular weight compounds
with substitutents on the mesogenic units has been studied systemati-
3
cally by Gray and others.The influence of the sub¬
stitution is complicated by steric and polar effects. The presence of
substituents may also change the morphology of the mesophase.
The use of random copolymerization with rodlike units to lower
the melting temperatures has been dealt with in several pa¬
tents.^^"20 The thermotropic polymers comprising rigid groups con¬
nected by a flexible spacer group in the chain backbone have been
studied prominently due to the presence of well defined isotropic-
mesomorphic transitions.^^These transitions are easily amenable
to most experimental studies. Roviello and Sirigu^^ in 1975 were the
first to report linear polymers having mesogens and a flexible spacer






It is a well studied phenomenon that polymers in which the meso-
genic elements are separated by flexible spacer groups such as
-(CH2)n-, [CH2-CH2-0]n , or [Si-{CH3)20]n can give thermotropic meso-
phases in which transitional temperatures are well below the tem¬
perature range of thermal degradation of the molecule.A detailed
knowledge of the long range order, conformation, and chain dynamics
in both the solid and mesomorphic state of flexible backbone polymers
is still missing.^ A large number of studies carried out on this
class of polymers containing polymethylene spacers show unambiguously
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the critical importance of the spacer and the groups connecting it to a
mesogenic group.
It has been observed that for the case of polymethylene (PM) spa¬
cers attached to a linear rigid group (LR) by LR-O-PM or LR-0(0=)C-PM
linkages, the nematic state occurs readily and the enthalpies and
entropies of isotropic-nematic transitions of these polymers are much
larger26“28 than those of the corresponding monomeric liquid crystals.
Also the enthalpy and entropy changes are much larger for the chains
with even numbered methylene spacers than those with odd numbered
methylenes.23>29 on the other hand, when the PM spacers are attached
by the LR-(C=0)0-PM linkage, the tendency to form a nematic phase is
significantly suppressed.30 Furthermore, when a nematic state occurs,
the even-odd effect of the PM spacer is reversed. The enthalpies and
the entropies of the transitions are smaller for the chains having
even numbered methylene spacers than those with odd numbered methy¬
lenes.These results indicate that flexible spacer groups do not
play the role of solvents, but rather participate actively in the
ordering process.
The structural requirements for the appearance of a liquid cry¬
stalline regime in polymers is suggested by Meurisse et al ^3 to be
favored by the presence of a linear rigid unit of about three benzene
rings in length. The particular mesomorphic structure that occurs
i.e. smectic, nematic, or cholesteric not only depends on molecular
shape but is intimately connected with the strength and position of
polar groups within the molecule, the overall polarizability of the
molecules, and the presence of chiral centers.33 Ease of electronic
5
distortion is favored by the presence of aromatic groups and double
or triple bonds. These groups are frequently found in the molecular
structure of liquid crystalline compounds.
The most common nematogenic and smectogenic molecules are of the
type;














In addition to aromatic rings and conjugated linear systems,
rigid and symmetrical aliphatic cyclic rings have been found to have
thermotropic character in low molecular weight compounds. This
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includes 1,4-disubstituted bicyclo[2.2.2]octane and 1,4-disubstituted
cyclohexane ring systems. In 1970 Dewar and Goldberg^^ reported the
use of the bicyclo[2.2,2]octane ring system in the preparation of ne¬
matic liquid crystal esters. This ring system has a highly symmetri¬
cal structure, its 1,4-disubstituents being linearly poised. The
structural similarity of bicyclo[2.2.2]octane with benzene led the
authors to study the effect of the substitution of this saturated
ring system for phenylene in the typical liquid crystal p-phenylene
dianisate. With reference to the fully aromatic tricyclic diesters
shown below where R0=n-alkoxy they replaced one, two, or all of the
phenyl rings by 1,4-disubstituted bicyclo[2.2.2]octane rings. Based
on the results the authors concluded that use of the bicyclo[2.2.23-
octane ring reduces both the content of polarizable electrons and the
extent of conjugative interactions in the molecules. This reduces
the anisotropy of molecular polarizability and consequently the ne¬
matic to isotropic transition temperature. They also emphasized the
importance of the rigid linear geometry of the l,4-bicyclo[2.2.23-
octane ring system in controlling the stability of the mesophase
compared to the more flexible trans-1,4-cyclohexane ring system.
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In 1981, Gray and coworkers^^ reported the synthesis of l-(4'-
cyanophenyl )-4-ji-pentyl-bicycl o[2.2.2]octane.
This compound showed a nematic mesophase and had the following tran¬
sitions: crystal - nematic, 62“C and nematic - isotropic, lOO^C.
In 1981, Gray and Kelly36 reported the synthesis of 4-n-alkyl-
phenyl-4-n-alkylbicyclo[2.2,2]octane-l-carboxylates and 4-n-alkoxy-
phenyl-4-n-alkylbicyclo[2.2.2]octane-l-carboxylates. The general struc¬
tures of these compounds are shown below:
The authors observed these compounds to exhibit wide temperature
range nematic phases persisting to higher temperatures than those of
the corresponding esters containing either the trans-l,4-disubstituted
cyclohexane ring or the 1,4-disubstituted phenyl ring in place of the
bicyclo[2.2.2]octane ring,
They37 also reported the preparation of low melting liquid
crystal 4-n-alkylphenyl-4-n-alkyl-bicyclo[2.2.2]octane-l-carboxylates
which contained fluoro, chloro, bromo, or cyano groups substituted in
the 2-position of the phenyl ring. The same authors reported novel
cholesteric esters incorporating the 1,4-disubstituted bicyclo[2.2.23-
octane ring.38
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Taimr and Smith39 reported the synthesis of polyesters contain¬
ing bicyclo[2.2.2]octane and bicyclo[3.2.2]nonane rings. They ob¬
served improved thermal and oxidative stabilities in these polyesters
containing bicyclo rings.
In a 1969 patent, Watson^O reported the syntheses and characteri¬
zations of polyesters and random copolyesters based on bicyclo[2.2.2]-
octane-1,4-dicarboxylic acid, suitable dihydroxy compounds, and other
acid components. Nothing was mentioned about the liquid crystal
properties of the resulting series of polyesters.
Several research teams have prepared thermotropic monomeric
systems containing the trans-1,4-cyclohexane ring system. Verbit and
Tuggey^l have reported the synthesis of thermotropic symmetrical
diesters of di-£-methoxyphenyl-trans-1,4-cyclohexanedicarboxylate and
di-2-n-butoxyphenyl-trans-l,4-cyclohexanedicarboxylate with phase
transitions K 143 N 242 I and K 113 S 162 N 220 I, respectively. The
same authors also reported the synthesis of trans-1,4-cyclohexylene
di-£-n-butoxybenzoate with phase transitions K 129 N 157 I.
Schaefgen have reported the synthesis of thermotropic
pol y{ oxy-2-chloro-1,-4-phenyleneoxycarbonyl-trans-1,4-cyclohexylene-
carbonyl), and poly(oxy-2-methyl-1,4-phenyl eneoxycarbonyl-trans-1,4-
cycl ohexyl enecarbonyl) systems. Also Kwolek and Luise^^ have reported
that a copolyester prepared from chlorohydroquinone (95 mole %), 2,3-
dichlorohydroquinone (5 mole %) and trans-1,4-cyclohexanedicarboxylic
acid forms a liquid crystalline melt above its DSC melting point of
300°C.
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Kyotami and Kanetsuna^^ studied the phase transitions and struc¬
tural properties of poly[chloro-l,4-phenylene-trans-1,4-cyclohexanedi-
carboxyl ate], Polk and coworkers^^ have shown lyotropic behavior
for some polyesters containing trans-1,4-cyclohexane ring system.
Onwumere^® has mentioned the use of 1,4-cyclohexanedimethanol and
1,4-cyclohexanediacetic acid as semi-rigid spacers in the preparation
of thermotropic liquid crystalline random copolyesters.
A literature survey in the field of thermotropic liquid crystal¬
line polyesters reveals the fact that most of the work in this field
has been done on the systems containing homopolyesters or alternating
copolyesters. Only in rare cases has the use of random copolyesters
in preparing thermotropic liquid crystalline polyesters been reported.
In random copolyesters containing a rigid component and a spacer in
the main chain, optimization of desired properties can be achieved by
varying the composition of the spacer or the flexible component with
respect to its rigid counterpart. Compositions ranging from 90:10 to
50:50 rigid to flexible groups have been shown to have great impacts
on Tg, Tm, solubility, and birefringence.^^ jhe end use of the poly¬
mer will determine the percentage of the flexible unit incorporated
in the system.
This research work relates to a class of novel polyesters derived
from the 1,4-disubstituted bicylo[2.2.2]octane ring system as a meso-
genic group. Even though Gray ^ ^35-38 have reported thermotropic
monomeric systems containing bicyclo[2,2.2]octane ring system, no
attention has been focused so far on the synthesis of thermotropic
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liquid crystalline polyesters using this system. The structural simi¬
larity of bicyclo[2.2.2]octane to benzene prompted us to replace the
benzene moiety with the bicyclo[2.2.2]octane ring system for the pre¬
paration of thermotropic liquid crystalline copolyesters. We specu¬
lated that the 1,4-disubstituted bicycloC2.2.2]octylene ring system
would be less rigid than the 1,4-disubstituted phenylene ring system
making it possible to obtain polyesters exhibiting the desired thermal
transitions.
One of our objectives was to demonstrate whether the trans-1,4-
cyclohexylene and bicyclo[2.2.2]octylene ring systems were compatible
in thermotropic polyester systems and this led us to the syntheses of
polyester I and copolyester II (Figure 1).
Substituted hydroquinones, e.g. bromohydroquinone and phenyl-
hydroquinone also were used as mesogenic groups in the preparation
of homopolyesters, and copolyesters. Lenz ^ ^^8 have reported the
use of asymmetrically substituted hydroquinones in suppressing the
melting temperature of polyesters below their decomposition point.
In a review article, Blumstein ^ have discussed the influence of
the spacer containing polymethylene groups on the mesomorphic interval
of thermotropic liquid crystalline polymers. Based on the experimental
data, the mesomorphic interval often widens at first with increasing
number n of methylene groups and then narrows slowly. The maximum
stability of the mesomorphic interval occurs for 6<n<10. We opted to
use sebacoyl chloride as an suitable spacer in the preparation of
random copolyesters.
11
In the interest of relating transition temperatures of liquid
crystalline polyesters to the increase of flexible chain length, we
prepared a homologous series of polyesters in which only the number
of methylene groups in the flexible aliphatic segment were varied.
This led us to the synthesis of various random copolyesters. The




Infrared spectra were obtained by means of KBr disks with a Beck¬
man 4240 infrared spectrometer. Proton NMR spectra were determined
with a Varian EM-360 spectrometer with spectra taken at 60 MHz. The
chemical shifts are reported relative to tetramethylsilane. Carbon-13
spectra for polyesters I and II (Figures 5 and 9) were obtained with a
Broker WH-400 spectrometer, with spectra taken at 100.62 MHz, Other
carbon-13 spectra were obtained with a Broker WM-300 spectrometer, at
75 MHz. The spectrum for polyester I was run in deuterated trifluor-
acetic acid while other spectra were run in deuterated chloroform.
Inherent viscosities were measured at 30®C with a Cannon-Fenske
viscometer at a concentration of 0.5 g/100 ml in ^-chlorophenol and
m-cresol. Thermal analysis data were determined on the DuPont 990
Thermal Analyzer with the Dupont 910 Differential Scanning Calorimeter
and 951 Thermogravimetric Analyzer. DuPont 1090 and Perkin-Elmer DSC
System-4 units were also used for thermal analysis. The instruments
were purged with nitrogen for all calorimeteric determinations. The
instruments were calibrated with indium, melting point, 156.6®C. The
samples were powders which had been dried in a vacuum oven. DSC
thermograms were obtained at a scanning rate of 2D‘’C^iin. TGA
thermograms were obtained at a scanning rate of 10®CA>in. Transition
temperatures were taken as the maximum point of the endotherm and
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exotherm. The molecular weights were determined at a concentration
0.0125 g/5 ml of polymer in THF at a flow rate of 1.0 ml/min with a
Waters model 150C gel permeation chromatograph (6PC) and M730 data
module on 10^, 10^ and 0.5 x 10^ y styragel columns.
The retention times of the standard polystyrene samples of
molecular weight ranging from 2.8x10^ to 2.7x10^ were determined at
35°C at a concentration of 0.01 g/10 ml in THF at a flow rate of 1.0
ml/min using LC mode. Based on the retention times, a calibration
table was set up using the M730 data module. The polyester samples
were run in 6PC mode for the determination of molecular weight rela¬
tive to polystyrene standards.
The intrinsic viscosity [ n ] was obtained directly from the
data module M730 of the 6PC based on Mark-Houwink equation
[ n ] = ic mv ®
where o = a constant with typical values ranging from 0.50 to
1.0.
ic = a constant with typical values from 0.5x10"^ to l.OxlO"^
in the units of deciliters/grams.
Polarizing optical microscopy was performed on a Leitz Laborlux 12
Pol microscope with a Leitz 350 heating stage. Elemental analysis was
provided by Galbraith Laboratories.
Reagents
The £-dichlorobenzene solvent used in the polyesterification was
purified and dried by fractional distillation and stored over molecu¬
lar sieves. Trans-l,4-cyclohexanediol was isolated from the cis.trans-
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1,4-cyclohexanediol mixture according to a procedure described in the
1iterature.^9 Bicyc1o[2.2.2]octane-l,4-dicarbonyl chloride was ob¬
tained by reaction of the dicarboxylic acid with phosphorus penta-
chloride.^^ Bicyclo[2,2.2]octane-l,4-dicarboxylic acid was prepared
by the method of Wood.^l
Sebacoyl chloride, bromohydroquinone, phenylhydroquinone, ethy¬
lene glycol, 1,4-butanediol, 1,8-octanediol were commercial products.
Bromohydroquinone was purified by recrystallization from deionized




A 100-ml three-necked round bottom flask equipped with a condenser,
gas inlet tube, magnetic stirrer, thermometer, and potassium hydroxide
trap was charged with 0.45 g (0.0039 mol) of trans-1,4-cyclohexanediol
and 30 ml of dry ^dichlorobenzene. To the stirred solution in a
nitrogen atmosphere was added 0.91 g (0.0038 mol) of bicyclo[2.2.2]-
octane-1,4-dicarbonyl chloride. The mixture was refluxed overnight
at ns°C to ensure complete evolution of hydrogen chloride gas. The
polymer was precipitated by pouring 50 ml of acetone into the cooled
reaction mixture and was allowed to stand thus for 24 hr. After
washing with acetone, deionized water, methanol, and several times
with deionized water, and drying in a vacuum oven for 15 hr at 120°C,




With 70/30 Mole % of Bicyc1o[2.2.2]octane-l.4-dicarbony1 Chloride/
Sebacoyl Chloride. IIA
A 100-ml three-necked round bottom flask equipped as above was
charged with 1.50 g (0.0129 mol) of trans-l,4-cyclohexanediol and 60
ml of dry ^-dichlorobenzene. To the stirred solution in a nitrogen
atmosphere were added 2.13 g (0.0090 mol) of bicyclo[2.2.2]octane-l,4-
dicarbonyl chloride and 0.93 g (0.0039 mol) of sebacoyl chloride.
The mixture was refluxed for 7 hr at 182“C. The polymer, which was
isolated in a manner similar to above, weighed 2.0 g (yield 56%).
Preparation of Poly(oxy-trans-l,4-cyclohexyleneoxycarbonyl-1.4-bicyclo-
[2.2.2]octylenecarbonyl-co-oxy-trans-l.4-cyclohexyleneoxysebacoyl)
With 65/35 Mole % of Bicyc1o[2.2.2]octane-l.4-dicarbonyl Chloride/
Sebacoyl Chloride. IIB
A 100-ml three-necked round bottom flask equipped as above was
charged with 0.64 g (0.0055 mol) of trans-l,4-cyclohexanediol and 20
ml of £-dichlorobenzene. To the stirred mixture in a nitrogen at¬
mosphere were added 0.85 g (0.0036 mol) of bicyclo[2.2.2]octane-l,4-
dicarbonyl chloride and 0.47 g (0.0020 mol) of sebacoyl chloride.
The mixture was refluxed for 7 hyat 183“C. The polymer was precipi¬
tated by pouring 40 ml of hexane into the cooled reaction mixture and
was allowed to stand thus overnight at 0“C. The polymer, which was
isolated in a manner similar to above weighed 0.90 g (yield 58%).
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Preparation of Po1y[oxy(2-broino-l .4-pheny1ene)oxycarbony1»l ,4-bicyc1o-[2.2.2]octy1enecarbony1]. Ill
A 100-ml three-necked round bottom flask equipped as above was
charged with 0,83 g (0.0043 mol) of bromohydroquinone and 35 ml of
dry £-dichloroben2ene. To the stirred solution in a nitrogen atmo¬
sphere was added 1.03 g (0.0043 mol) of bicyclo[2.2.2]octane-l,4-di¬
carbonyl chloride. The mixture was refluxed overnight at 155°C. Pre¬
mature polymerization was observed during the polycondensation reac¬
tion, The polymer was completely precipitated by pouring 50 ml of hex¬
ane into the cooled reaction mixture. After washing several times with
ether, water, and acetone, and drying in a vacuum oven for 24 hr at
120'’C, the polymer weighed 0.80 g (yield 54.9%).
Preparation of Poly[oxy(2-bromo-l.4-phenylene)oxycarbonyl-l.4-bicyclo-
[2.2.2]octylenecarbonyl-co-oxy(2-bromo-l.4-phenylene)oxysebacoyl]
With 60/40 Mole % of Bicyclo[2.2.2]octane-l.4-dicarbonyl Chloride/Se-
bacoyl Chloride. IVA
To a 100-ml three-necked round bottom flask equipped as above
was added the following.
(a) 1.40 g (0.0073 mol) of bromohydroquinone,
(b) 0.70 g (0.0029 mol) of sebacoyl chloride,
(c) 35 ml of £-dichlorobenzene, and
(d) 1.04 g (0.0044 mol) of bicyclo[2.2.2]octane-l,4-dicarbonyl
chloride.
The mixture was refluxed for 8 hr at 175°C under a nitrogen
atmosphere. The polymer was precipitated by pouring 35 ml of hexane
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into the cooled reaction mixture. After washing with ether, water,
and acetone, and drying in a vacuum oven for 15 hr at 110“C, the
polymer weighed 1.58 g (yield 62.5%).
Preparation of Poly[oxy(2-bromo-l,4-phenylene)oxycarbonyl-l.4-bicyclo-
[2.2.2]octylene-co-oxy(2»bromo-l.4-phenylene)oxysebacoyl] With 50/50
Mole % of Bicyclo[2.2.2]octane-l.4-dicarbonyl Chloride/Sebacoyl Chlo-
ride. IVB




A 100-ml three-necked round bottom flask equipped with a conden¬
ser, gas inlet tube, magnetic stirrer, thermometer, and potassium
hydroxide trap was charged with 0.41 g (0.0020 mol) of phenylhydroqui-
none and 20 ml of dry 0;-dichlorobenzene. To the stirred solution in a
nitrogen atmosphere was added 0.52 g (0.0022 mol) of bicylco[2.2.2]-
octane-1,4-dicarbonyl chloride. The mixture was refluxed for 6 hr at
180®C to ensure complete evolution of hydrogen chloride gas. The
polymer was precipitated by pouring 40 ml of hexane into the cooled
reaction mixture. After washing several times with ethanol, water,
and acetone, and drying in a vacuum oven for 24 hr at 120®C, the
polymer weighed 0.65 g (yield 62.7%).
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Preparation of Po1y[oxy(2»pheny1-l.4-pheny1ene)oxycarbony1-l .4-bicyc1o
[2.2.2]octy1enecarbony1-co-oxy(2-pheny1-l.4-pheny1ene)oxysebacoy1]
With 80/20 Mole % of Bicyc1o[2.2.2]octane-1,4-dicarbony1 Ch1oride/$e-
bacoyl Chloride. VIA
To a 100-ml three-necked round bottom flask equipped as above
was added the following;
(a) 0.39 g (0.0021 mol) of phenylhydroquinone,
(b) 0.10 g (0.0004 mol) of sebacoyl chloride,
(c) 25 ml of dry £-dichlorobenzene, and
(d) 0.40 _g (0.0017 mol) of bicyclo[2.2.2]octanel,4-dicarbonyl
chi oride.
The mixture was refluxed for 8 hr at 180°C under a nitrogen at¬
mosphere. The polymer was precipitated by pouring 40 ml of hexane
into the cooled reaction mixture. After washing several times with
ethanol, water, and acetone, and drying in a vacuum oven for 15 hr at
120®C, the polymer weighed 0.38 g (yield 53.4%).
Preparation of Poly[oxy(2-phenyl-l.4-phenylene)oxycarbonyl-l,4-bicyclo
[2.2.2]octylenecarbonyl-co-oxy(2-phenyl-1,4-phenylene)oxysebacoyl]
With 50/50 Mole % of Bicyclo[2.2.2]octane-l.4-dicarbonyl Chloride/
Sebacoyl Chloride. VIB
The random copolyester VIB was synthesized in a manner similar to
that discussed above. After cooling, ethanol was added to precipitate
the polymer as a gummy solid. This gummy solid was washed several
times with anhydrous diethyl ether to get the polymer into a powder
form.
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Preparation of Po1y[oxy(2-pheny1-l.4-pheny1ene)oxycarbony1-l ,4-bicyc1o-[2.2.2]octy1enecarbony1-co-oxyethy1eneoxycarbony1-l.4-bi cyTco[2.2.21-
octyl enecarbonyl], VII
A 100-ml three-necked round bottom flask equipped with a conden¬
ser, gas inlet tube, magnetic stirrer, thermometer, and potassium hy¬
droxide trap was charged with 0.48 g (0.0026 mol) of phenylhydroqui-
none and 25 ml of dry o-dichlorobenzene. To the stirred solution in
a nitrogen atmosphere was added 0.77 g (0.0032 mol) of bicyclo[2.2.2]-
octane-1,4-dicarbonyl chloride and 0.04 g (0.0007 mol) of ethylene
glycol. The mixture was refluxed for 8 hr at 170°C. The polymer
was precipitated by pouring 30 ml of hexane into the cooled reaction
mixture. After washing serveral times with ether, water, and acetone,
and drying in a vacuum oven for 24 hr at 120°C, the polymer weighed




A 100-ml three-necked round bottom flask equipped as above was
charged with 0.95 g (0.0051 mol) of phenylhydroquinone and 35 ml of
dry £-dichlorobenzene. To the stirred solution in a nitrogen atmos¬
phere was added 1.5 g (0.0063 mol) of bicyclo[2.2.2]octane-l,4-dicar-
bonyl chloride and 0.11 g (0.0012 mol) of 1,4-butanediol. The mixture
was refluxed overnight at 178°C. The polymer which was isolated in a





To a 100-ml three-necked round bottom flask equipped as above
was charged 1.36 g (0.0073 ml) of phenylhydroquinone and 50 ml of dry
£-dichlorobenzene. To the stirred solution in a nitrogen atmosphere
was added 2.15 g (0.0091 mol) of bicyclo[2.2.2]octane-l,4-dicarbonyl
chloride and 0.26 g (0,0018 mol) of 1,8-octanediol. The mixture was
refluxed overnight at 167®C. After cooling, 75 ml hexane was added
to precipitate the polymer as a viscous material. After washing
several times with diethyl ether, acetone, water, and several times
with acetone, and drying in a vacuum oven for 15 hr at 110®C, the




The homopolyester, poly(o)^y-trans-l,4-cyc^ohexy^eneoxycarbony^-1.4-b^cyc^oC2.2.2]octy^enecarbony^) was prepared by the step-reaction
polycondensation of trans-l,4-cyclohexanediol and bicyclo[2.2,2]octane1.4-dicarbonyl chloride. The random copolyesters, poly(oxy-trans-l,4-
cyclohexy leneoxycarbonyl-l,4-bicyclo[2.2,2]octylenecarbonyl-co-oxy-
trans-l,4-cyclohexyleneoxysebacoyl] were prepared by the step-reaction
polycondensation of trans-l,4-cyclohexanediol and a mixture of bicyclo-[2.2.2]octane-l,4-dicarbonyl chloride and sebacoyl chloride. The
structures of the polyesters (Series A) are shown in Figure 1. The
experimental data for polyesters of this series are given in Table 1.
Properties of Poly(oxy-trans-1.4-cyclohexyleneoxycarbonyl-l,4-bicyclo-[2.2.2]octylenecarbonyl). I
The inherent viscosity of polyester I was 0.35 dL/g in
chlorophenol at 30®C. Anal. Calcd. for (Ci6H2204)n’ 69.06; H,
7.91. Found: C, 67.10; H, 8.05.
The infrared spectrum of I showed peaks at 2960 and 2880 (ali¬
phatic C-H stretch), 1720 (ester C-0 stretch), 1460 (methylene
bending), and 1250 and 1080 (C-0 stretch) cm"l.
The differential scanning calorimetry thermogram of polyester
I (Figure 2) obtained at a scanning rate of 20“C/min under ni-
21
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trogen, showed an endotherm at 385®C which represents decomposition.
The DSC curve shows the thermal properties at two different-sensitivi¬
ties, Thermogravimetric analysis showed decomposition maxima at
305 and 337®C under nitrogen (Figure 3), The T6A thermogram was
obtained at a scanning rate of 10°C/min. Hot stage polarizing opti¬
cal microscopy showed no melting below the temperature limit of
350°C.
The proton nuclear magnetic resonance spectrum of I in trifluoro-
acetic acid is shown in Figure 4. The peak at 6 2,0 represents the
protons on the three methylene bridges in the bicyclo[2.2.2]octane
ring system. The peak at 6 2.4 represents the methylene protons of
the cyclohexane ring and the broad peak at 6 5.1 represents the
methine protons of the cyclohexane ring. Spinning side bands appear
at 6 2.9 and 1.1.
The proton-decoupled natural-abundance pj spectrum of I
in trifluoracetic acid is shown in Figure 5. The chemical shifts
(relative to Me4Si) and intensities are as follows: 6 27.0(8.6),
27.8(17.8). 40.1(7.3), 73.2(7.5), and 181.9(11.0). The resonance
at 6 40.1 represents the carbon a to the carbonyl group in the
bicyclo[2.2.2]octane ring. The resonances in the region 627.0 -
27.8 represent methylene carbons of trans-1,4-cyclohexane and
bicyclo[2.2.2]octane rings. In deuterated acetone, the chemical
shifts of the carbons a and p to the carbonyl group in the bicyclo-
[2.2.2]octane-l-carboxylic acid are reported to be 6 38.4 and 28.7
respectively.^^
Figure 1. Structures of polyesters of Series A.











I 0.45 (0.0039) 0.91 (0.0038) - 1:1 54.0
IIA 1.50 (0.0129) 2.13 (0.0090) 0.93 (0.0039) 1:0.70:0.30 56.0
I IB 0.64 (0.0055) 0.85 (0.0036) 0.47 (0.0020) 1:0.65:0.35 58.0
A = Trans-l,4-cyclohexanediol
B = Bicyclo[2.2.2]octane-l,4-dicarbonyl chloride
C » Sebacoyl chloride
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Figure 2. DSC thermograph of polyester I
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Figure 4. Proton NMR spectrum of polyester I.
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Figure 5 Carbon-13 NMR spectrum of polyester I.
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The resonance at 6 73,2 represents the carbon a to the oxygen in
the trans-1,4-cyclohexane ring. The low field peak at 6 181.9 corre¬
sponds to carbonyl carbon.
Properties of Poly(oxy-trans-1.4-cyclohexyleneoxycarbonyl-1.4-bicyclo-[2.2.2]oct.ylenecarbonyl-co-oxy-trans-l .4-cyclohexyleneoxysebacoyl)
With a Ratio of Bicyclo[2.2.2]octane-l,4-dicarbonyl Chloride to Seba-
coyl Chloride of 0.70;0.30. IIA
The inherent viscosity for random copolyester IIA was 0.30 dL/g
in £-chlorophenol at 30'’C. Anal, Calcd. for (Ci6H2204)o.7(Ci6H2604)o.3’
C, 68.77; H. 8.31. Found C, 68.18; H, 8.02.
The infrared spectrum of copolyester IIA is very similar to that
of polyester I except for a broadening of the carbonyl peak with a
shoulder at 1740 cm"l and a new peak in the C-0 stretch region at
1175 cm-1.
The differential scanning calorimetry thermogram of IIA (Figure 6)
showed double decomposition endotherms at 325 and 375®C. Thermogravi-
metric analysis showed a decomposition maximum at 325°C (Figure 7).
Hot stage polarizing optical microscopy showed melting at 307®C and
decomposition at ca. 340'’C.
The proton nuclear magnetic resonance spectrum of IIA in tri-
fluroacetic acid is furnished in Figure 8, The peak at 6 1.4 repre¬
sents the methylene protons of the sebacoyl group. The peak at 6 2.0
represents the protons on the three methylene bridges in the bicyclo-[2.2.2]octane ring system. The peaks around 6 2.4 represent the
30
methylene protons on the cyclohexane ring. The peak at 6.5,1 repre¬
sents the methine protons of the cyclohexane ring.
The proton-decoupled natural-abundance FT NMR spectrum of IIA
in deuterated chloroform is provided in Figure 9. The chemical
shifts (relative to Me4Si) and intensities are as follows: 6 22.9
(2.1), 25.0 (13.0), 27.1 (16.0), 27.8 (33.3), 28.0 (12.7), 29.0
(23.8), 30.6 (2.4), 34.6 (11.0), 38.8 (3.8), 69.2 (1.8), 70.4 (9.6),
123.6 (1.1), 126.7 (1.8), 173.2 (3.6), and 176.7 (2.9). The resonance
at 6 34,6 represents the methylene carbon o to the carbonyl group in
the sebacoyl chloride. The resonances at 6 25.0 and 29.0 are due to
the other methylene carbons of sebacoyl chloride. The peak at 6 38.8
represents the carbon a to the carbonyl group in the bicyclo[2.2.23-
octane ring. The resonance at 6 70.4 represents the carbon o to the
oxygen in the trans-1,4-cyclohexane ring. The resonances in the region
6 27.1 - 27,8 represent the methylene carbons of trans-1,4-cyclo-
hexane and bicyclo[2.2.2]octane rings.
The low intensity peaks at 6 69.2 and 30.6 presumably arise from
the carbons a and g to the oxygen bonded to the cis-1,4-cyclohexane
ring, respectively. This indicates possible isomerization of trans-
1,4-cyclohexanediol into a mixture of the cis and trans isomers^^ or
the presence of small amounts of cis isomer in trans-l,4-cyclohexane-
diol. The low field peaks 6 176.7, and 173.2 correspond to carbonyl
carbons bonded to the bicyclo[2.2.23octane and sebacoyl group respec¬
tively. The low intensity resonances at 6 22.9, 123.6, and 126.7 are
attributed to impurities.
31
Figure 6 DSC thernragraph of copolyester II A
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Figure 7. TGA thermograph of copolyester II A
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Figure 8. Proton NMR spectrum of copolyester II A.
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Figure 9. Carbon-13 NMR spectrum of copolyester II A.
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Properties of po1y(oxy-trans~l ,4-cyc1ohexy1eneoxycarbony1-l,4-bicyc1o-
[2.2.2]octy1 enecarbony1-co-oxy-trans»l ,4»cyc1 ohexyl eneoxysebacoyl)
With a Ratio of B1cyc1o[2.2.2]octane-1.4-dicarbonyl Chloride to Seba«
coyl Chloride of 0.65;0.35. I IB
The inherent viscosity of IIB was 0.28 dL/g in o-chlorophenol at
30®C. Anal. Calcd. for (Ci6H2204)o,65(Ci6H2604)o.35* C, 68.72; H,
8.38. Found: C, 67.01; H, 7.81.
The infrared spectrum of IIB was very similar to that of IIA.
The differential scanning calorimetry thermogram of IIB (Figure 10)
shows a broad decomposition endotherm at BOO^C, followed by a second
decomposition endotherm at 344®C. However, the differential scanning
calorimetry thermogram of the 300*C region obtained on the Perkin-
Elmer DSC-4 unit (Figures 11 and 12) shows an endotherm at 288®C
(transition to the liquid crystal phase) followed by an endotherm at
318®C (decomposition). The DSC data were obtained at a scanning rate
of 20®C/min. Thermogravimetric analysis at a scanning rate of
10®C/min showed a decomposition maximum at 310®C (Figure 13). Fifty
percent weight loss occurred at 290®C. Twenty-eight percent weight
loss occurred at 277®C. Hot stage polarizing optical microscopy
(Figure 14) shows softening at ca. 229®C and complete melting at
254®C. The melt was sheared at 277®C by movement of the cover slip
and brilliantly colored blue, violet, yellow, and green stripes (Fig¬
ure 14) between crossed polarizers were observed at 265®C.
SERIES B POLYESTERS
The homopolyester poly[oxy(2-bromo-l,4-phenylene)oxycarbonyl-
l,4-bicyclo[2.2.2]octylenecarbonyl] was prepared by the step reaction
36
Figure 10. DSC thermograph of copolyester II B
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Figure 11. Scale expanded DSC thermograph of copolyester II B
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Figure 12. Scale expanded DSC thermograph of copolyester 11 B
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Figure 13. TGA thermograph of copolyester II B
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265°C
Figure 14. Optical micrographs of copolyester II B.
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polycondensation of bromohydroquinone and bicycloC2.2.23octane-l,4-
dicarbonyl chloride. The random copolyesters poly[oxy(2-bromo-l,4-
phenyl ene)oxycarbonyl-l,4-bicyclo[2.2.2]octylenecarbonyl-co-oxy(2-
bromo-1,4-phenylene)oxysebacoyl] were prepared by the step reaction
polycondensation of bromohydroquinone and a mixture of bicyclo[2.2.2]-
octane-1,4-dicarbonyl chloride and sebacoyl chloride. The structures
of these polyesters (Series B) are shown in Figure 15. The experimen¬
tal data for the polyesters of this series are given in Table 2.
Properties of Poly[oxy(2-bromo-l,4-phenylene)oxycarbonyl-l,4-bicyclo-
[2.2.2]octylenecarbonyl]. Ill
The inherent viscosity of polyester III was 0.04 dL/g at 30“C in
m-cresol. The elemental analysis was as follows: Anal. Calcd. for
(Ci6Hi504Br)n: C, 54.70; H, 4.27; Br, 22.79. Found: C, 54.11;
H, 4.32; Br, 21.90.
The infrared spectrum of III showed peaks at 3040 (weak, aromat¬
ic C-H stretch), 2920 and 2870 (strong, aliphatic C-H stretch), 1755
(strong, ester C=0 stretch), 1595 (weak, C=C stretch), 1485 (strong,
aromatic nucleus), and 1225, 1180, and 1030 cm"l (strong, C-0 stretch).
The differential scanning calorimetry thermogram of III (Figure
16) obtained at a scanning rate of 10®C/min under nitrogen showed
an endotherm around 490°C which represents decomposition. The TGA
thermograph shows a decomposition maximum at 490°C (Figure 17). Hot
stage polarizing optical microscopy showed no melting below the
temperature limit of 350°C.
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Figure 15. Structures of polyesters of Series B.











III 0.83 (0.0043) 1.03 (0.0043) - 1:1 54.9
IVA 1.40 (0.0073) 1.04 (0.0044) 0.70 (0.0029) 1:0.60:0.40 62.5
IVB 1.61 (0.0085) 1.00 (0.0042) 1.02 (0.0042) 1:0.50:0.50 50.1
A = Bromohydroquinone
B * B1cyclo[2.2.Z]octane-l,4-d1carbony1 chloride
C =» Sebacoyl chloride
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Figure 16. DSC thermograph of polyester III
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Figure 17. TGA thermograph of polyester III
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Properties of Po1y[oxy(2-bromo-l .4-pheny1ene)oxycarbony1-l,4-bicyc1o-
[2 «2.2]octy1enecarbonyl-CO-0x^(2-bromo-1.4-pheny1ene)oxysebacoyl]
With 60/40 Mole % of BicycTo[2.2.2]octane-l,4-dicarbonyl Chloride/Se-
bacoyl Chloride. IVA
The inherent viscosity of copolyester IVA was 0.16 dL/g at 30°C
iniTHcresol. Anal. Calcd. for (Ci6Hi504Br)o.6 (Ci6Hi904Br)o,4: C,
54.45; H, 4.74; Br, 22.66. Found: C, 55.10; H, 4.84; Br, 21.5.
The infrared spectrum of IVA is very similar to that of III.
The differential scanning calorimetry thermogram of IVA (Figure 18)
displayed endotherms at 237 and 315®C followed by a broad decompo¬
sition endotherm at 430®C. The endotherm at 237®C (Tm) represents a
crystal-liquid crystal phase transition while the endotherm at 315°C
(Tc) represents the clearing transition. This observation is in agree¬
ment with the hot stage polarizing optical microscopy data wherein
softening was shown to occur at ca. 115®C and transition into a
birefringent melt at ca. 180®C. Further heating at ca. 237“C resulted
in fluidity with the mesophase appearing as a bright-colored texture.
Mesophase clearing began at ca. 285°C. Continuous heating till ca.
305®C culminated in complete clearing accompanied by decomposition of
the copolyester. The optical micrographs of IVA are shown in Figure
19.
Thermogravimetric analysis of copolyester IVA (Figure 20) showed
two decomposition maxima centered at 360®C and at 485®C.
47
Figure 18. DSC thermograph of copolyester IV A.
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Figiore 19. Optical micrograph of copolyester IV A at two
different temperatures.
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Figure 20. T6A thermograph of copolyester IV A.
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Properties of Po1y[ox.y(2-bronio-l ,4-pheny1ene)oxycarbony1-l ,4-bicyc1o-
[2.2»2]octy1enecarbony1-co-oxy(2»bronio-l,4-pheny1ene)oxysebacoy1]
With 50/50 Mole % of Bicyc1o[2.2,2]octane-1.4-dicarbonyl Chloride/
Sebacoyl Chloride. IVB
The inherent viscosity of copolyester IVB was 0.25 dL/g at 30°C
in nv-cresol. Anal. Calcd. for {Ci6Hi504Br)o.5 (Ci6Hi904Br)o.5: C,
54.41; H, 4.82; Br, 22.64. Found; C, 54.13; H, 4.28; Br, 21.83.
The infrared spectrum of copolyester IVB is identical to that of
homopolyester III. The differential scanning calorimetry thermogram
of IVB (Figure 21) did not provide conclusive data except that it ex¬
hibited double decomposition endotherms at ca. 400®C and ca. 500®C.
However, the polarizing optical microscopy studies showed the soften¬
ing at ca. 85°C, and transition into a birefringent melt at ca. 155°C.
At 170°C, the melt began to flow and a bright-colored liquid crystal¬
line pattern was observed. Continued heating resulted in the textural
changes of the mesophase. The mesophase started clearing at 270°C
and at 320®C was completely changed into isotropic phase along with
the decomposition of the copolyester. The optical micrographs (Figure
22) at 199°C, 213°C, and 264°C represent the anisotropic phase.
With increase in the temperature, the viscosity of the melt decreases
resulting in distinct changes in the interference patterns being
observed. Thermogravimetric analysis of IVB (Figure 23) also showed
two decomposition maxima centered at 380°C and 485°C.
The proton decoupled natural abundance pj spectrum of
IVB in deuterated chloroform is shown in Figure 24. The chemical
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Figure 21. DSC thermograph of copolyester IV B.
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Figure 23, TGA thermograph of copolyester IV B.
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Figure 24. Carbon-13 NMR spectrum of copolyester IV B
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shifts (relative to Me4Si) and integrals are as follows: 6 (24.8)
(2.5), 27.8 (6.1), 29.0 (5.0), 34.2 (1.3), 39.3 (0.5), 116.0 (0.3),
121.6 (1.0), 122.3 (1.2), 123.8 (0.6), 126.4 (1.8), 127.6 (0.2), 145.8
(0.4), 148.4 (0.1), 171.6 (0.4), and 174.6 (0.1). The resonances at
6 24.8-39.3 represent aliphatic carbons. The resonances at 6 116.0
-148.4 represent aromatic carbons. The low field peaks at 6 174.6,
and 171.6 correspond to carbonyl carbons bonded to the bicyclo[2.2.2]-
octane and sebacoyl group respectively.
SERIES C POLYESTERS
The homopolyester poly[oxy(2-phenyl-l,4-phenylene)oxycarbonyl-
l,4-bicyclo[2.2.2]octylenecarbonyl] was prepared by the step reaction
polycondensation of phenylhydroquinone and bicyclo[2.2.2]octane-l,4-
dicarbonyl chloride. The random copolyesters poly[oxy(2-phenyl-1,4-
phenyl ene)oxycarbonyl-l,4-bicyclo[2.2.2]octylenecarbonyl-co-oxy(2-
phenyl-1,4-phenylene)oxysebacoyl] were prepared by the step reaction
polycondensation of phenylhydroquinone and a mixture of bicyclo[2.2.2]-
octane-1,4-dicarbonyl chloride and sebacoyl chloride. The structures
of the polyesters (Series C) are presented in Figure 25. The experi¬
mental data for the polyesters of this series are provided in Table 3.
Properties of Poly[oxy(2-phenyl-l,4-phenylene)oxycarbonyl-l,4-bicyclo-
[2.2.2]octylenecarbonyl]. V
The inherent viscosity of homopolyester V was 0.79 dL/g in m-
cresol at 30®C. The analysis results were as follows: Anal. Calcd.
for (C2oH2204)n* C, 75.83; H, 5.79. Found: C, 75.54; H, 6.09.
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V
Figure 25. Structures of polyesters of Series C.











V 0.41 (0.0020) 0.52 (0.0022) - 1:1 62.7
VIA 0.39 (0.0021) 0.40 (0.0017) 0.10 (0.0004) 1:0.80:0.20 53.4
VIB 8.05 (0.0432) 6.10 (0.0259) 4.13 (0.0172) 1:0.60:0.40 88.1
A = Phenylhydroquinone
B = Bicyclo[2.2.2]octane-l,4-dicarbonyl chloride
C = Sebacoyl chloride
59
The infrared spectrum of V showed peaks at 3050 (weak, aromatic
C-H stretch), 2940, 2920, and 2860 (strong, aliphatic C-H stretch),
1735 (strong, ester C=0 stretch), 1560 (weak, C=C stretch), 1470
(strong, aromatic nucleus), and 1215, 1155, and 1020 cm”l (strong,
C-0 stretch).
The differential scanning calorimetry thermogram of V (Figure
26) obtained at a scanning rate of 10°C/min under nitrogen showed
endotherms at ca. 360‘’C and 485°C which represent decomposition.
The TGA thermogram showed a decomposition maximum at 485°C (Figure27). Hot stage polarizing optical microscopy showed no melting below
the temperature limit of 350'*C.
The proton decoupled natural abundance pT NMR spectrum of V
in deuterated chloroform is shown in Figure 28. The 13q chemical
shifts (relative to Me4Si) and integrals are as follows; 6 27.6
(8.0), 39.0 (0.4), 116.4 (0.1), 121.2 (2.5), 121.7 (0.2), 122.1
(0.15), 123.4 (2.2), 123.5 (3.0), 127.7 (2.3), 128.0 (6.3), 129.0
(5.4), 129.1 (1.4), 136.2 (0.9), 136.5 (1.0), 145.2 (0.5), 148.3
(0.6), and 175.3 (0.5). The resonances at 6 27.6 and 39.0 represent
aliphatic carbons. The resonances at 116.4-148.3 represent aromatic
carbons. The low field peak at 6 175.3 corresponds to carbonyl car¬
bon.
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Figure 26. DSC thermograph of polyester V
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Figure 27. TGA thermograph of polyester V
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With 80/20 Mole % of Bicyc1o[2.2.2]octane-l.4-dicarbony1 Chloride/
Sebacoyl Chloride. VIA
The inherent viscosity of copolyester VIA was 0.41 dL/g in m-
cresol at 30“C. The elemental analysis was as follows: Anal. Calcd.
for (022^20^4)0.8 (^22^^24^4)0.2’ C, 75.66; H, 6.01. Found: C, 75.24;
H, 6.32.
The differential scanning calorimetry thermogram of VIA gave no
precise melting information. However, the hot stage polarizing
optical microscopy established a softening temperature at ca. 288°C.
The melting of the copolyester at 310°C was accompanied by incipient
decomposition while continued heating up to ca. 340°C resulted in
enhanced decomposition of the copolyester. The TGA thermograph
showed a decomposition maximum at 485“C (Figure 29).
Properties of Poly[oxy(2-phenyl-l,4-phenylene)oxycarbonyl-l,4-bicyclo-
[2.2.2]octylenecarbonyl-co-oxy(2“phenyl-l.4-phenylene)oxysebacoyl]
With 60/40 Mole % of Bicyclo[2.2.2]octane-l,4-dicarbonyl Chloride/
Sebacoyl Chloride. VIB
The inherent viscosity of copolyester VIB was 0.42 dL/g in m-
cresol at 30°C. The elemental analysis was as follows: Anal.
Calcd. for (022^20^4)0.6 (^22^24^4)0.4* 7^.47; H, 6.23. Found:
C, 74.90; H, 6.28.
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Figure 29. TGA thermograph of copolyester VI A
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The infrared spectrum of VIB is very similar to that of copoly¬
ester VIA. The differential scanning calorimetry thermogram of VIB
(Figure 30) showed an endotherm at 150“C. The TGA thermogram shows a
decomposition maximum at 495°C. Hot stage polarizing optical micros¬
copy established a softening temperature at ca. 135°C, and melting
into the isotropic phase at ca. 204°C.
The proton decoupled natural abundance 13^ pT NMR spectrum of
VIB in deuterated chloroform is shown in Figure 31. The chemical
shifts (relative to Me4Si) for aliphatic carbons, aromatic carbons,
and carbonyl carbons are in agreement with the structure of the co¬
polyester.
SERIES D POLYESTERS
In the preparation of a homologous series of random copolyesters
by step reaction polycondensation, the only variable was the number
of methylene groups in the flexible aliphatic segment. The ratio of
the monomers bicyclo[2.2.2]octane-l,4-dicarbonyl chloride, phenylhy-
droquinone, and the corresponding aliphatic diol was maintained con¬
stant at 1:0.8:0.2. The structures of the copolyesters (Series D)
are shown in Figure 32. The experimental data for the copolyesters




The inherent viscosity of copolyester VII was 0.31 dL/g in m-





Figure 30. T6A thermograph of copolyester VI B
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Figure 32. Structures of copolyesters of Series D.











VII 0.77 (0.0032) 0.48 (0.0026) 0.04 (0.0007) 1:0.80:0.20 49.7
VIII 1.50 (0.0063) 0.95 (0.0051) 0.11 (0.0012) 1:0.80:0.20 90.7
IX 2.15 (0.0091) 1.36 (0.0073) 0.26 (0.0018) 1:0.80:0.20 32.8
• i
A = B1cyclo[2,2,2]octane-l,4-d1carbonyl chloride
B * Phenylhydroquinone




Calcd. for (C22H2o04)o,8 (^12^1604)0,2* 74.23; H, 5.99. Found:
C, 73.01; H, 5.81.
The infrared spectrum of VII showed peaks at 3040 (weak, aromat¬
ic C-H stretch), 2940, 2920, and 2860 (strong, aliphatic C-H stretch),
1740 (strong, ester C=0 stretch), 1570 (weak, C=C stretch), 1475
(strong, aromatic nucleus), and 1230, 1170, and 1030 cm“l (strong,
C-0 stretch).
The differential scanning calorimetry thermogram of VII showed
an exotherm at 315°C and melting endotherms at 325, 340, and 352°C.
The decomposition rate determined from T6A reached a maximum at 515®C.
DSC and TGA thermographs are shown in Figures 33 and 34. Hot stage
polarizing optical microscopy showed softening at ca. 270°C, crystal¬
lization at ca. 305°C, and transition into a birefringent melt at ca.
324°C. Further heating resulted in the flow and the appearance of
textures characteristic of liquid crystalline regions. Isotropization
of the anisotropic phase began at ca. 334°C with partial decomposition
of the copolyester and at 360'’C remained incomplete with enhanced de¬
composition of the copolyester. Optical micrographs at temperatures
333 and 360°C are shown in Figure 35.
The proton decoupled natural-abundance pj spectrum of
VII in deuterated chloroform is shown in Figure 36. The chemical
shifts (relative to Me4Si) and integrals are as follows: 6 27.6
(9.2), 38.7 (0.7), 41.7 (0.3), 63.8 (0.3), 121.2 (3.3), 123.4 (2.9),
123.5 (3.4), 127.7 (3.1), 128.0 (6.9), 129.0 (7.2), 136.2 (1.0),
136.6 (1.2), 145.2 (0.9), 148.3 (1.0), 175.3 (0.6), and 176.7 (0.1).
The resonances at 6 27.6 - 63.8 represent aliphatic carbons. The
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Figure 33. DSC thermograph of copolyester VII.
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Figure 35. Optical ndcrograph of copolyester VII at two
different temperatures.
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Figure 36. Carbon-13 NMR spectrum of copolyester VII.
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resonance at 6 63.8 is due to the methylene carbon of ethylene glycol.
The resonances at 6 121.2 - 148.3 represent aromatic carbons. The
low field peaks 6 176.7 and 175.3 correspond to carbonyl carbons of
bicyclo[2.2.2]octane ring bonded to oxygen of ethylene glycol and
phenylhydroquinone groups, respectively. The low intensity resonance




The inherent viscosity of the copolyester VIII was 0.64 dL/g at
30“C in nv-cresol. Anal. Calcd. for (C22H2o04)o.8 (Cl4H2004)o.2- C,
72.0; H, 6.67. Found: C, 74.23; H, 5.98.
The infrared spectrum of VIII is very similar to that of VII.
The differential scanning calorimetry thermogram of VIII (Figure 37)
showed an exotherm at 315*C and a broad melting endotherm at 330°C.
The TGA thermogram showed a decomposition maximum at 507®C. A visual
observation through the polarizing optical microscope showed soften¬
ing at ca. 280‘’C, crystallization at ca. 315‘’C, and a transition
into a birefringent melt at ca. 320°C. Liquid crystalline phase
began to appear at ca. 331“C. Isotropization began at ca. 344“C and
remained incomplete with partial decomposition of the copolyester at
360°C. Optical micrographs at 336 and 344°C are shown in Figure 38.
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Figure 37. DSC thermograph of copblyester VIII.
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Figure 38. Optical micrograph of copolyester VIII at two
different temperatures.
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The proton decoupled natural abundance spectrum of co¬
polyester VIII in deuterated chloroform is shown in Figure 39. Ex¬
cept for the appearance of the resonance at 6 25.3 due to the methy¬
lene carbon B to the oxygen bonded to the 1,4-butanediol group, and
the differences in the relative intensities of the peaks, the carbon-




The inherent viscosity of copolyester IX was 0.13 dL/g at 30“C
in m-cresol. Anal. Calcd. for (C22H2004)0.8(Ci8H2804)0.2' C, 73.17;
H, 7.32. Found: C, 73.49; H, 6.40.
The infrared spectrum of IX is very similar to that of VII. The
differential scanning calorimetry thermogram of IX showed a broad
melting endotherm at 207°C. The endotherm for the clearing transi¬
tion is centered at 312°C. The decomposition rate determined from
TGA reached a maximum at 497°C. The DSC thermogram is shown in
Figure 40. Hot stage polarizing optical microscopy study of IX result¬
ed in softening at ca. 170°C and transition at 206°C into a weakly
birefringent melt that exhibited fluidity at ca. 255“C. The melt
began to clear at 260®C resulting in an completely isotropic phase at
302®C. The optical micrograph of the mesophase at 250®C is shown in
Figure 41.
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Figure 40. DSC thermograph of copolyester IX.
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Figure 41. Optical micrcxgraph of copolyester IX at 250°C
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The proton decoupled natural abundance pj spectrum of
copolyester IX in deuterated chloroform is shown in Figure 42. The
resonances at 6 25,8-64.4 represent aliphatic carbons. The resonances
at 6 64.4 and 25.8 represent carbons a and $ to the oxygen in the 1,8-
octanediol group. The resonances in the region 6 28.6-29,1 represent
the remaining methylene carbons of 1,8-octanediol group. The re¬
sonances at 6 116.4-148.3 represent aromatic carbons. The low field
peaks at 6 175.3 and 175,5 correspond to carbonyl carbons.
Structure-Property Relationships
The thermal properties of random copolyesters of Series A to C
appeared to be extremely sensitive to composition. Table 5 lists the
inherent viscosities and thermal properties of polyesters of Series
A.
It is evident from the table that an increase in sebacoyl chlo¬
ride content as in the copolyester IIB results in a lower melting and
decomposition temperature. It was imperative to use the flexible
sebacoyl spacer in order to achieve a melting temperature low enough
to observe the liquid-crystalline transition. The copolyester melted
with decomposition. However, by using a low heating rate it was
possible to observe the transition into a birefringent fluid state
which at a higher temperature (265°C) exhibited textures^^ charac¬
teristic of the smectic phase. However, wide-angle x-ray diffraction
technique should be employed to confirm the structure of the meso-
phase.
Figure 42. Carbon-13 NMR spectrum of copolyester IX.
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Table 5. Inherent Viscosities and Thermal Properties of Polyesters
of Series A
Transition Temperatures (°C)
Polyester ^nh DSC OM TGA
dL/g Tm Tc Tm Tc Td
I 0.35 - - - - 305,335
IIA 0.30 - - 307 - 325
IIB 0.28 288 - 254 - 310
Tm = Melting temperature
Tc = Clearing temperature
Td = Decomposition temperature
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Gray^^ has documented information on the influence of molecular
structure upon liquid crystalline properties. Attachment of appropri¬
ate substituents on a suitable aromatic ring will lead to (1) in¬
creases in the molecular breadth and (2) increases in the polarity
and polarizability of the molecule. The former will tend to decrease
the thermal stabilities of the smectic and nematic states, as a
result of the increased lateral separation and the decreased lateral
attractions. The latter will tend to increase the smectic and nematic
thermal stabilities because of the resulting increase in the lateral
attractions.
In order to study the effect of lateral substituents, bromo and
phenyl groups were substituted on a aromatic ring and mesomorphic
behaviors for the copolyesters of series B, C, and D were studied.
The inherent viscosities, molecular weights, and thermal pro¬
perties of polyesters of Series B are shown in Table 6. The inherent
viscosity of homopolyester III is low presumably due to premature
precipitation of the product before reaching a high degree of poly¬
merization. For copolyesters IVA and IVB, samples viewed between
the slide and coverslip under a polarizing light microscope exhibited
birefringence which is believed to be due to nematic structures. A
back and forth movement of the coverslip resulted in the appearance
of textures. These textures are most evident near the edge of the
coverslip where the polymer films are thin.
In small molecule nematogens the characteristic textures appear
spontaneously upon heating to the nematic phase or upon cooling from
Table 6, Viscosities, Molecular Weights, and Thermal Properties of Polyesters of Series B
Polyester ^nh
(dL/g)






Mn Mw Mz Tm u1— Tm Tc AT Td
III 0.04 - - - - _a «a .a .a - 490
IVA 0.16 0.006 3,503 6,551 9,624 237 315 78 237 305 68 360,485
(3:2) (180)*5
IVB 0.25 0.014 9,830 14,757 21,138 _a _a 170 320 150 380,485
(1:1) (155)b
Tm = Melting temperature
Tc = Clearing temperature
AT = Mesophase range
Td = Decomposition temperature
a = No melting and clearing transitions are observed,
b = Temperature at which birefringent melt observed.
[t\] = Intrinsic viscosity
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the isotropic state, except when surface forces dictate a perpendicu¬
lar alignment to the surface. Then, homeotropic alignment results,
and the field shows no texture in the absence of shear. Presumably,
the high viscosity of the polymeric mesophase prevents a spontaneous
alignment of the parallel arrangement of chains. This necessitates
the application of some degree of external force before the chains
are sufficiency parallel to the surface of the glass slide, and
stroking the cover slip above the nematic melt of the polymer serves
to align the bundles of polymer chains in the same direction.26
The DSC thermogram of IVA established a mesophase range of 78“C.
Surprisingly, the DSC thermogram of IVB showed the absence of endo-
therms. Presumably, this could be due to the very low enthalpy and
entropy of transitions from the crystal to liquid crystal and the
liquid crystal to isotropic phase. However, observation through an
optical microscope established a very broad liquid crystalline range
of ca. 150“C. As expected, a decrease in the proportion of the rigid
bicyclo[2.2.2]octane-l,4-dicarbonyl chloride relative to the flexible
sebacoyl chloride spacer from 3:2 in IVA to 1:1 in IVB resulted in a
decrease in the melting transition and increase in the mesophase
range of copolyester IVB as compared to copolyester IVA.
The TGA thermograms of IVA and IVB led to a very interesting ob¬
servation. It showed two decomposition temperatures 360 and 485°C
(Figure 20) for IVA and 380 and 485°C (Figure 23) for IVB. It is our
opinion that the display of two decomposition temperatures is related
to the presence of two types of blocks, one rich in the bicyclo-
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[2.2.2]octane moiety and the other rich in the flexible sebacoyl
spacer.
This peculiar behavior was not observed only in copolyesters
containing bromohydroquinone. A random copolyester containing chloro-
hydroquinone also showed two decomposition temperatureson the
other hand, the absence of halogen as a lateral substitutent on the
phenyl ring in the Series C and D copolyesters resulted in a single
decomposition temperature in the TGA thermograms. We presume that
the presence of the polarizable halogen group as a lateral substi¬
tuent on the phenyl ring could be responsible for the formation of
blocks instead of a random sequential distribution of monomer units.
However, the exact cause of the two decomposition temperatures was
not clearly defined.
The inherent viscosities, molecular weights, and thermal proper¬
ties of Series C polyesters are shown in Table 7. The DSC thermo¬
gram and visual observation through the polarizing optical microscope
revealed the absence of mesophase formation in VIA. The DSC thermogram
of VIB established a broad endotherm at 150®C. This transition is
believed to be due to softening of the polymer. Optical observation
seemed to reveal softening at ca. 135°C and melting into the isotropic
phase at 204°C. We believe that the absence of mesomorphic behavior
in this series of copolyesters could result from the higher proportion
of the phenylhydroquinone containing sterically more bulky and less
polar phenyl group as a lateral substituent.
The inherent viscosities, molecular weights, and thermal proper¬
ties of the polyesters of Series D are shown in Table 8. The copoly-
Table 7. Viscosities, Molecular Weights, and Thermal Properties of Polyesters of Series C
Polyester ^nh
(dL/g)






Mn Mw Mz Tm Tc AT Tm Tc AT Td
V 0.79 - - - _a _a _a _a - 485
VIA
(4:1)
0.41 0.018 12,724 18,134 24,948 _a >a 310 - - 475
VIB
(3:2)
0.42 0.020 13,231 20,097 29,310 150^ •• • 204 •• 495
Tm = Melting temperature
Tc = Clearing temperature
AT = Mesophase range
Td = Decomposition temperature
a = No melting and clearing transitions are observed,
b = Indicates softening temperature
[n ] = Intrinsic viscosity
Table 8. Viscosities, Molecular Weights, and Thermal Properties of Polyesters of Series 0
Polyester ^nh
(dL/g)




Mn Mw Mz Tk Tm Tc AT Tc Tm Ik AT Td
VII 0.31 0.010 4,608 10,197 16,320 315 352 - - 305 324 >360 - 515
VIII 0.64 0.021 9,855 21,876 33,880 315 330 - - 315 325 >340 - 507
IX 0.13 0.005 3,255 5,543 8,470 - 207 312 105 - 206 302 96 497
Tm = Melting temperature [n ] = Intrinsic viscosity
T< = Crystallization temperature
Tc * Clearing temperature
AT = Mesophase range
Td = Decomposition temperature
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esters VII and VIII exhibited mesomorphic behavior believed to be
nematic in nature. The DSC thermogram of VII established a liquid
crystalline transition at 352®C. The optical texture observed with the
polarizing optical microscopy showed incomplete clearing at 360°C.
The DSC thermogram of VIII showed a broad melting endotherm at 330®C
while transition to clearing temperature could not be ascertained.
Thermal properties of those copolyesters with ethylene glycol and
1,4-butanediol as spacers are observed to be quite similar.
The exotherms observed in the DSC thermograms of VII and VIII
were attributed to crystallization of the copolyester just before
melting. These assignments were supported by visual observation with
polarizing optical microscopy. The polymers reported by Griffin and
Havens26 showed distinct exotherms just before the transition into
the nematic phase. The authors presumed that the exotherm is due to
a premature crystallization to a more thermally stable crystal form.
We speculate that the crystallization prior to melting in VII and
VIII could result from the -0-(CH2)2-0- and -0-(CH2)4-0- moieties
along the polymer backbone.
As expected, copolyester IX showed lower transition temperatures
compared to VII and VIII. Visual observation through the optical mi¬
croscope indicated a weak birefringent phase with no notable texture
in constrast to VII and VIII. It seems that the presence of the long
chain -0-(CH2)8-0- resulted in the dilution of the effective number of
mesogenic groups in the macromolecule. This resulted in the increased
flexibility of the polymer chain since the only parts of the macro-
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molecule that could give rise to a large number of conformations are
the flexible spacers where each C-C or C-0 bond can exist in either
the trans or two gauche conformations about the preceding C-C bond.
Absence of mesogenic behavior in the copolyesters of Series C as
opposed to the behavior of Series D could be explained on the basis
of the following structural changes observed in the copolyesters of
Series D: (1) The presence of the bicyclo[2.2.2]octane ring system as
a predominant mesogen and (2) the presence of the ether linkage
-H2C-O- along the polymer chain. While the presence of the bicyclo-
[2.2.2]octane group as a mesogen in an excess of phenylhydroquinone
undoubtedly imparts a higher degree of rigidity along the polymer
backbone, aliphatic diols exhibit the oxygen swivel effect and thus
have a low barrier of rotation along the -CH2-O- linkage in contrast
to sebacoyl chloride as a flexible spacer since the latter has a
higher barrier of rotation presumably due to the double bond character
along the H2C-C- linkage.
Also, in contrast to the copolyesters of Series C, the copolyes¬
ters of Series B exhibited mesomorphic behavior. The copolyester IVA
of Series B and the copolyester VIB of Series C have the identical
proportion of bicycloC2.2.2]octane carbonyl chloride and sebacoyl
chloride in the copolymer feed. Yet, they exhibit a vast difference
in thermal behavior. This indicates that the more polarizable and
sterically less bulky bromo group as a lateral substituent on the
phenyl ring favors presumably formation of highly blocky copolyesters
exhibiting mesomorphic behavior in the copolyesters of Series B. On
93
the other hand, phenyl group as a lateral substituent does not seem
to confer noticeable liquid crystallinity on random copolyesters of
Series C.
CONCLUSION
One of the main purposes of the project was to synthesize main
chain thermotropic liquid crystalline polyesters and copolyesters by
incorporating the bicyclo[2.2.2]octane ring as a mesogen along the
polymer chain; the mesogen which is a saturated analogue of the 1,4-
disubstituted phenylene ring system can be expected to confer liquid
crystalline behavior interesting enough to be investigated in detail.
The objective was achieved by synthesizing copolyesters IIB, IVA,
IVB, VII, VIII, and IX which exhibited mesomorphic behavior.
It was envisaged that the 1,4-disubstituted bicyclo[2,2.2]octane
ring would be less rigid than the 1,4-disubstituted phenylene ring
along the polymer chain thus resulting in low temperature thermotropic
polyesters and copolyesters. However, the homopolyesters I, III, and
V were observed to decompose before melting. It was found imperative
to introduce flexible spacers like sebacoyl chloride and aliphatic
diols to lower the melting transitions of the parent homopolyesters
below the decomposition temperatures. The thermal properties of
random copolyesters appeared to be extremely sensitive to monomer
composition. Some of the random copolyesters synthesized showed very
complex thermal behavior as observed by DSC^ and polarizing optical
microscopic analysis.
The simultaneous occurrence of mesophase clearing and polymer
decomposition as observed through the polarizing optical microscope
in some of our random copolyesters clearly establishes the need for
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Structural modification of the monomers. It is presumed that the
lateral substitution of groups like CH3, halogen, etc. on the bicyclo-
[2.2.2]octane ring would lower the thermal transitions to a consider¬
able extent. It is also believed to be appropriate to synthesize
alternating copolyesters using the same monomers and compare their
thermal behavior with that of corresponding random copolyesters.
Finally, a more detailed approach using various available experimental
techniques like WAXD, SALS, electron microscopy and electron diffrac¬
tion would provide better insight into the nature and the intricacies
of the anisotropic phase.
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